✉ Correspondence: lizbob100@hotmail.com In April this year, Mossi & Ghisolfi Group (Chemtex) commenced construction of a commercial-scale 13 million gallons/year (50 million liters) cellulosic ethanol production facility in Crescentino, Italy (European biofuels technology platform. http://www.biofuelstp.eu/cell_ethanol.html#ce5. Accessed 8 September 2011). The plant will use Novozymes enzyme technology to convert a range of cellulosic feedstocks to ethanol, and is just one example of the boom the cellulosic bioethanol industry has seen over the last few years.
Combining different types of enzymes, and genetically engineering new enzymes, that work together to release both hemicellulosic sugars and cellulosic sugars, can be termed "bioprocessing." Bioprocessing is a key area of research in the efficient production of ethanol for biofuels; however, the cost of the lignocellulose-hydrolyzing enzymes accounts for a relatively high proportion of total processing costs.
One problem in optimizing the activity of the enzymes is the high temperatures under which the enzymes are required to work. Most ethanol-fermenting microbes have an optimum temperature for ethanol fermentation ranging between 28°C and 37°C, while the activity of cellulolytic enzymes is highest at around 50°C and significantly decreases with a decrease in temperature. Researchers at the South Dakota School of Mines and Technology are investigating the bioconversion of polymeric cellulosic waste materials using thermophiles from local compost facility, hot springs, and the 8000 ft deep Homestake Gold Mine, to source unique enzymes. Several cellulose-degrading Firmicutes including, Brevibacillus, Paenibacillus, Bacillus, and Geobacillus were isolated from enrichment cultures, and isolates were found with optimum temperature for carboxymethyl cellulase (CMCase) of up to 75°C (pH 5.0). One particular isolate retained 26% CMCase activity at 60°C up to a period of 300 h (Rastogi et al., 2009 ). These thermostable enzymes and robust thermophilic fermentative microbes could facilitate the development of more efficient and cost-effective forms of the simultaneous saccharification and fermentation process used to convert lignocellulosic biomass into biofuels.
Another major challenge to be faced in commercial production of lignocellulosic bioethanol is the inhibitory compounds generated during the thermo-chemical pretreatment of biomass. These inhibiting compounds, such as weak acids, furans and phenolic compounds, are formed or released during the thermo-chemical pre-treatment step such as acid and steam explosion (Parawira and Tekere, 2011) . Inhibition of yeast fermentation by inhibitor compounds in lignocellulosic hydrolysates can be reduced by treating with lignolytic enzymes, for example, laccase, and microorganisms such as Trichoderma reesei, Coniochaeta ligniaria NRRL30616, Trametes versicolor, Pseudomonas putida Fu1, Candida guilliermondii, and Ureibacillus thermosphaericus (see Parawira and Tekere, 2011 for a full review). Genetic engineering is playing a major part in getting the best possible conversion rate in thermotolerant yeasts. A Japanese research group, led by Professor Kondo of the Department of Chemical Science and Engineering, Kobe University, have genetically engineered a strain of Kluyveromyces marxianus, to display T. reesei endoglucanase and Aspergillus aculeatus β-glucosidase on the cell surface, which successfully converts a cellulosic β-glucan to ethanol directly at 48°C, with a theoretical yield of 92.2% (Yanase et al., 2010) . Members of the same research group have also recently constructed a diploid Saccharomyces cerevisiae strain to optimize cellulase-expression levels in yeast .
Glucose and xylose are two major components in the lignocellulosic hydrolysates. While glucose fermentation is well established, xylose fermentation remains a problem in the industrialized lignocellulosic ethanol process (Li et al., 2009 ). The Komodo group has again used recombinant genetic engineering to construct a recombinant S. cerevisiae that not only hydrolyzed hemicelluloses by codisplaying endoxylanase from T. reesei, β-xylosidase from A. oryzae, and β-glucosidase from A. aculeatus, but also assimilated xylose through the expression of xylose reductase and xylitol dehydrogenase from Pichia stipitis, and xylulokinase from S. cerevisiae (Sakamoto et al., 2011) . The recombinant strain successfully produced ethanol from rice straw hydrolysate consisting of hemicellulosic material containing xylan, xylooligosaccharides, and cellooligosaccharides (with a theoretical yield of 82%) without requiring the addition of sugarhydrolyzing enzymes or detoxication.
Whilst genetic engineering appears to hold all the answers, other groups have also had recent successes in utilizing the fermentation enzymes of organisms in co-culture. The problem of providing the optimal fermentation conditions for the two strains in co-culture has been overcome in two quite different ways. Kim et al. (2011) developed a novel bioreactor which separates the two different yeast strains (S. cerevisiae and P. stipitis), thereby enabling different fermentative conditions for different strains where the cells are retained and fermentation can commence in a pseudo-continuous fermentation fashion. Li et al. (2011) have tackled this same problem by separately utilizing each organism in a sequential manner. The sequential application of P. stipitis, after heat inactivation of S. cerevisiae cells, showed that heating at 50°C for 6 h was sufficient to give a high xylose fermentation efficiency. By application of the inactivation process, 85% of the theoretical yield was achieved during fermentation of synthetic medium. At the same time, the xylitol production was reduced by 42.4% of the control process. In the simultaneous saccharification and fermentation of the limepre-treated and CO 2 -neutralized rice straw, the inactivation of S. cerevisiae cells enabled the full conversion of glucose and xylose within 80 h, with a theoretical yield of 72.5%.
It is typical, however, that as our ability to produce higher yields of ethanol at greater speeds advances, we inadvertently create a further barrier. A high concentration of ethanol itself is an inhibiting factor to microorganisms, and therefore ethanol tolerant strains are being investigated. Brown et al. (2011) resequenced the genome of an ethanol-tolerant Clostridium thermocellum mutant, and showed that the tolerant phenotype is primarily due to a mutated bifunctional acetaldehyde-CoA/alcohol dehydrogenase gene (adhE). Biochemical assays confirmed a complete loss of NADHdependent activity with concomitant acquisition of NADPHdependent activity, which, they conclude, likely affects electron flow in the mutant. This surprisingly simple result will hopefully enable this and other labs to engineer commercially useful strains to higher levels of success, whilst keeping production costs down.
As the move towards non-food crop sources of biofuel feedstocks continues, countries such as Canada, Sweden, USA, and China are funding more research into commercially useful lignocellulose-hydrolyzing enzymes for bioprocessing in the cellulosic ethanol industry. Biotechnological advances, especially in genetic engineering of commercially useful enzyme producing strains, are playing an important role in solving some of the bottlenecks that occur in production, and will be vital in securing cellulosic ethanol as a competitive liquid fuel for the future.
